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COMMENTARY
Genes, dopamine pathways, and sociality
in primates
Jeffrey A. Frencha,1
Unraveling the complex sequence of molecular, bio-
chemical, and neuronal cascades that transpire between
gene action and behavioral phenotypes has been an
exceptionally tough scientific nut to crack. The difficulties
in connecting the links between genes and behavior have
been especially problematic for social phenotypes, in-
cluding species-typical social structure, in which multiple
individuals are involved in interactions, and hence the
appropriate behavioral responses are conditional on ac-
tions of a partner. Forty years ago, Robert Hinde (1)
provided a critical insight into the dissection and analysis
of social behavior, in which he argued that the social
structure of a particular species is an emergent conse-
quence of the nature, quality, and patterning of social
relationships across time. These relationships, in turn, are
dictated by the quality and content of social interactions
among partners that derive from the social dispositions
of the participants in the interaction. Although little was
known about the neurobiological substrates of social
behavior at the time, Hinde was sufficiently prescient to
appreciate that individual differences in the propensity to
engage in social behavior must be linked to variation in
important and pervasive underlying neurobiological
substrates. Furthermore, Hinde recognized that some of
this variation would ultimately be tracked to genetic
origins. Since 1976, much has been learned about the
ways in which genes shape neurotransmitter systems,
and this work has highlighted the role of genetic vari-
ability in both regulatory and coding regions of multiple
genes in producing both individual differences (2–4)
and species diversity (5–9) in social behavior. In
PNAS, Bergey et al. (10) provide support for Hinde’s
proposition, through evidence that genomic regions
associated with dopamine (DA) signaling have diverged
dramatically in two closely related species of baboons
with markedly different social systems, despite a recent
evolutionary split between the species.
Anubis (Papio anubis) and hamadryas (Papio
hamadryas) baboons live sympatrically in eastern
Africa, and are found in both distinct populations and
in hybridized groups in areas of range overlap in Ethiopia.
Despite their relatively recent divergence, estimated at
only0.72millionyago (11), the twospeciesdifferdramatically
in social structure: anubis are characterized by multi-
male:multifemale groups with male dominance hierar-
chies, whereas male hamadryas recruit from 1 to 10
females of varying ages and reproductive states into
“one-male units” that are actively defended from other
males. Further distinctions in social phenotypes that
contribute to differences in social structure between
the species can be found in Fig. 1A. Bergey et al. (10)
argue that these species differences could be attrib-
uted to species- and age-specific reward structures for
impulsive vs. restrained social behavior by males. Pre-
vious work on these populations and on other nonhu-
man primates has implicated variation in the central DA
signaling system, as measured by DA metabolite levels
in cerebrospinal fluid, as an important correlate of spe-
cies-typical social structure and behavior (12–15).
In light of these findings, Bergey et al. (10) genotyped
thousands of SNPs in samples from over 200 anubis and
hamadryas. Using the well-annotated rhesus macaque
genome, the authors focused on SNP frequency in func-
tional groups of genes involved in over 160 signaling
pathways, including those implicated in behavioral vari-
ation, as well as in “control” gene groups (e.g., Wnt sig-
naling and DNA replication pathways). Fixation indices
(FST), reflecting the proportion of genetic differences
between populations relative to genetic similarity within
a population, were calculated for each pathway to esti-
mate population differentiation between the two ba-
boon species. Two multigenic pathways were identified
as substantially divergent (i.e., significant FST values) be-
tween the two baboon species at three values of the
parameter σ: 50, 100, and 150 kb. The first pathway is
of little interest from the perspective of social behavior:
chemo- and cytokine-mediated inflammatory signaling.
However, the second pathway is highly relevant, and
includes a cluster of 17 genes involved in the regulation
of DA receptor-mediated signaling (table 2 in ref. 10).
Not all genes in this DA signaling cluster contributed to
the differentiation among species; FST analysis applied
to each gene led to the identification of three that serve
to differentiate the two species, with FST values > 0.35
(considered a moderate-to-large effect size). Among the
genes that emerged as significantly enriched were three
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critical players in DA signaling. SLC6A3 (solute carrier family 6, mem-
ber 3 or DAT1) codes for the dopamine transport protein, a
membrane-bound sodium-activated protein that transports DA
from the synaptic cleft into cell bodies for vesicle storage and
later release, with the consequence of reducing or terminating
dopaminergic synaptic activity. The second gene with enriched
differences between species wasCOMT, which encodes catechol-
O-methyltransferase (COMT), an enzyme that metabolizes and de-
activates catecholaminergic neurotransmitters, including DA, again
exerting a dampening effect on DA neurotransmission. Finally, anu-
bis and hamadryas showed high differentiation for PPP1CC, a gene
that codes for protein phosphatase 1γ (PP1γ) that plays a role in
dendritic synaptic morphology in dopaminergic neurons in the
striatal regions of the brain, among other functions, thereby influ-
encing the potential connectivity of these neurons. Fig. 1B summarizes
the role of these genes in DA neurotransmission.
Although the SNP analysis identified important differentiation
in the genes regulating DA signaling between the two species,
this tells us little about the potential functional significance of
these gene changes. To address this important question, Bergey
et al. (10) sequenced genomic coding regions from eight anubis,
hamadryas, and hybrid baboons. These sequences were com-
pared with a draft P. anubis reference genome (papAnu2, Baylor
College of Medicine) and assessed for either high-impact or loss-
of-function variants using PANTHER (16). Of the 164 pathways
analyzed, 11 pathways had greater than expected high-impact
variants, and 7 had greater than expected loss-of-function variants.
In both categories of variants, DA receptor-mediated signaling
pathways ranked second highest, suggesting that the differentia-
tion of this cluster of genes between species may have functional
significance for DA-mediated behavioral traits. The PANTHER
analysis also revealed that many of the 11 high-impact variants
derive from genes associated with other neurotransmitter systems
(including cannabinoid, glutamate, GABA, and serotonin signal-
ing pathways; see table S1 in ref. 10). This finding suggests that
although DA may be an important player in the differentiation of
species-specific social traits, the origin of these differences is likely
to be polygenic.
Given the central role of DA in both reward (17) and behavioral
impulsivity (18), Bergey et al. (10) posit that the differentiation in the
genes underlying signaling in this neurotransmitter system may re-
flect adaptive divergence between the two species of baboons.
The authors suggest, for example, that high impulsivity in hama-
dryas males may lead to greater or earlier success in recruiting
females for one-male units, and that male hamadryas may find that
interactions with nonreceptive or immature females have greater
reward valence than do these same interactions male anubis. How-
ever, it is equally plausible that high impulsivity could be adaptive
for male anubis; for example, males with high impulsivity might
have greater success in working their way up the male-dominance
hierarchy. There are a number of testable scenarios, but all require
knowledge of the impact of the genetic differentiation between
species on overall dopaminergic function.
Given the constraints of work with awild population of nonhuman
primates, Bergey et al. (10) are not in a position to verify the impact
of differentiation in the DA signaling system genes on changes
in central dopaminergic tone (e.g., ref. 19). Although PANTHER
analysis can serve as a guidepost for potentially important and
functional genetic polymorphisms, further work on either cell
lines or living animals that are engineered to express the iden-
tified SNPs is required to confirm both functional changes in DA
signaling and the subsequent modification in behavioral phenotypes.
A further question is the impact of genetic differentiation be-
tween species on female social phenotypes; the present paper
by Bergey et al. (10) focuses solely on variation in male social
behavior. Because the differentiated DA signaling genes are lo-
cated on autosomes (SLC6A3, COMT, and PPP1R1B are located
on baboon chromosomes 6, 10, and 11, respectively), females
also have potentially altered DA function, and hence variation in
impulsivity and reward in the social realm, as well. The report (20)
that female anubis–hamadryas hybrids show bimodal patterns of
social interactions with males (“obedient” and affiliative toward
males in some females, avoidant of males in others) suggests that
that DA-associated differences in sociality in females may also
play a prominent role in shaping differences in social structure.
The availability of long-term social, demographic, and genetic
data on these populations of baboons places Bergey et al. (10)
in an excellent position to address these questions in the future.
A
B
Fig. 1. (A) Differences in social behavior in male anubis (P. anubis)
and hamadryas (P. hamadryas) baboons that lead to species-typical
social structure. (B) Schematic of the effects of the genes identified
as differentiated between baboon species by Bergey et al. (10)
on normative DA neurotransmission. SLC6A3 codes for the
dopamine transporter (DAT) that traffics synaptic DA into
presynaptic cytoplasm and vesicles; COMT codes for catechol-O-
methyltransferase, an enzyme found both in the neuronal
cytoplasm and in a membrane-bound configuration, that degrades
DA to 3-methoxytyramine (3-MT); PPP1CC codes for PP1γ that, in
neurons, alters dendritic morphology in combination with
spinophilin in dopaminergic circuits.
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These concerns notwithstanding, Bergey et al. (10) provide im-
portant results on the ways in which genetic variation may translate
into differences in social relationships and ultimately social struc-
ture. In this sense, the data in their paper add considerable cre-
dence to Hinde’s (1) visionary perspective that species-specific
social structure can be produced by the nature of social-interaction
patterns, which are in turn influenced by genetic differences in
neurobiology. Moreover, their results add to the growing knowl-
edge base regarding the molecular origin of normative function in
the social brain.
Acknowledgments
J.A.F.’s research is supported in part by funds from the National Institutes of
Health (Grant HD042882).
1 Hinde RA (1976) Interactions, relationships and social structure. Man (Lond) 11(1):1–17.
2 Prichard ZM, Mackinnon AJ, Jorm AF, Easteal S (2007) AVPR1A and OXTR polymorphisms are associated with sexual and reproductive behavioral phenotypes in
humans. Mutation in brief no. 981. Online. Hum Mutat 28(11):1150.
3 Walum H, et al. (2012) Variation in the oxytocin receptor gene is associated with pair-bonding and social behavior. Biol Psychiatry 71(5):419–426.
4 OkhovatM, Berrio A,WallaceG,Ophir AG, Phelps SM (2015) Sexual fidelity trade-offs promote regulatory variation in the prairie vole brain. Science 350(6266):1371–1374.
5 Hammock EA, Young LJ (2002) Variation in the vasopressin V1a receptor promoter and expression: Implications for inter- and intraspecific variation in social
behaviour. Eur J Neurosci 16(3):399–402.
6 Ren D, Chin KR, French JA (2014) Molecular variation in AVP and AVPR1a in New World monkeys (Primates, Platyrrhini): Evolution and implications for social
monogamy. PLoS One 9(10):e111638.
7 Ren D, et al. (2015) Genetic diversity in oxytocin ligands and receptors in New World monkeys. PLoS One 10(5):e0125775.
8 Vargas-Pinilla P, et al. (2015) Evolutionary pattern in theOXT-OXTR system in primates: Coevolution and positive selection footprints. Proc Natl Acad Sci USA 112(1):88–93.
9 Huck M, Fernandez-Duque E, Babb P, Schurr T (2014) Correlates of genetic monogamy in socially monogamous mammals: Insights from Azara’s owl monkeys.
Proc Biol Sci 281(1782):20140195.
10 Bergey CM, Phillips-Controy JE, Disotell TR, Jolly CJ (2016) Dopamine pathway is highly diverged in primate species that differ markedly in social behavior. Proc
Natl Acad Sci USA 113(22):6178–6181.
11 Perelman P, et al. (2011) A molecular phylogeny of living primates. PLoS Genet 7(3):e1001342.
12 Kaplan JR, et al. (1999) Cerebrospinal fluid monoaminergic metabolites differ in wild anubis and hybrid (Anubis hamadryas) baboons: Possible relationships to life
history and behavior. Neuropsychopharmacology 20(6):517–524.
13 Jolly CJ, Phillips-Conroy JE, Kaplan JR, Mann JJ (2008) Cerebrospinal fluid monoaminergic metabolites in wild Papio anubis and P. hamadryas are concordant with
taxon-specific behavioral ontogeny. Int J Primatol 29(6):1549–1566.
14 Nader MA, et al. (2012) Social dominance in female monkeys: Dopamine receptor function and cocaine reinforcement. Biol Psychiatry 72(5):414–421.
15 Bailey JN, Patterson C, Fairbanks LA (2015) Genetic influences on behavior in nonhuman primates. Genome Mapping and Genomics in Human and Non-Human
Primates, eds Duggirala R, Almasy L, Williams-Blangero S, Paul SFD, Kole C (Springer, Heidelberg), pp 277–288.
16 Mi H, Poudel S, Muruganujan A, Casagrande JT, Thomas PD (2016) PANTHER version 10: Expanded protein families and functions, and analysis tools. Nucleic
Acids Res 44(D1):D336–D342.
17 Stauffer WR, Lak A, Kobayashi S, Schultz W (2016) Components and characteristics of the dopamine reward utility signal. J Comp Neurol 524(8):1699–1711.
18 D’Amour-Horvat V, Leyton M (2014) Impulsive actions and choices in laboratory animals and humans: Effects of high vs. low dopamine states produced by
systemic treatments given to neurologically intact subjects. Front Behav Neurosci 8:432.
19 Ferris MJ, et al. (2014) Dopamine transporters govern diurnal variation in extracellular dopamine tone. Proc Natl Acad Sci USA 111(26):E2751–E2759.
20 Sugawara K (1988) Ethological study of the social behaviour of hybrid baboons between Papio anubis and P. hamadryas in free-ranging groups. Primates 29(4):
429–448.
French PNAS | June 7, 2016 | vol. 113 | no. 23 | 6327
